The blood is all things to all tissues, and in consequence it can scarcely be expected to manifest the peculiarities of any one of them. Special characters of its own it must have to serve so widely as it does. These elementary principles are often overlooked by those who would speculate upon hydrogen ion concentrations within the body; and one finds not infrequent a disposition to suppose that the tissues and blood must have the same reaction. In several previous papers from this laboratory evidence has been produced that the hydrogen ion concentration within the individual organs differs somewhat (1) . In this respect the tissues would appear to be related to the blood as to a sort of physiological base line, from which they stand off at various distances along the ordinate of hydrogen ion concentration. When one produces alterations in the level of the base line, as in the experiments now to be described, the position of many tissues along the ordinate alters also; they become relatively more or less acid or alkaline in rough correspondence with what happens in the blood. Other tissues however, as we shall show, retain their apparent p H unchanged even when the amount of acid or alkali introduced into the animal is sufficient to cause death.
The accumulated data with regard to the various offscourings of the organs as they appear in the blood and the excreta have furnished material for many inferences upon tissue states. But these have remained inferences at best, subject to modification with each new parcel of facts discovered. There have been few attempts to study the reaction of the tissues directly save by quantitative methods 835
t h e p r a c t i c e of w h i c h i n v o l v e s d i s t o r t i o n from t h e c o n d i t i o n s of life. M e n t i o n should be m a d e , however, of t h e i n t e r e s t i n g experim e n t s of Stieglitz on the r e a c t i o n of t h e l i v i n g k i d n e y as affected b y t h e a d m i n i s t r a t i o n of a c i d or a l k a l i (2) .
Method.
For the present work rats vitally stained with phthaleins were employed; and the living tissues were examined under circumstances which would seem to exclude the ordinary errors of interpretation.
A pair of male rats, from the same stock and of the same age and weight, preferably not full grown, were used in each experiment. They were given no food on the morning of it. The hair was removed from the chest, abdomen, and sides a day or two beforehand in order that any inflammation due to the shaving might laave cleared up. On beginning the experiment each animal was given 20 per cent urethane (3) subcutaneously into the back of the neck, in the proportion of 1.1 cc. for every 150 grn. weight, and some minutes later the phthalein into the peritoneal cavity. After ½ hour or more, when the general staining was pronounced, the animals, by now unconscious, were submerged to the muzzle in warm paraffin oil in glass dishes placed side by side under identical conditions of lighting, and after brief preliminary observations the injection of acid or alkali into a jugular vein was begun.
The rectangular Pyrex dishes had a layer of solid paraffin covering the bottom, with a depression for the urine, and they held sufficient liquid paraffin oil--cleansed, and inert to phthalein--to cover the rats. The oil was kept warm by the heat generated when a current was nm through coiled "Nichrome" wires surrounded by oil and encased in glass tubing bent to conform to the shape of the dish (Fig. 1) . The heating was regulated by means of a rheostat. To distribute it evenly the oil was stirred at intervals with a spatula. The temperature m the two dishes was maintained between 38 ° and 41 ° , as nearly the same in both as possible. The legs of the rats were kept in extension by means of long pins thrust through the skin of the paws and into the paraffin bed, while their muzzles were held above the surface of the oil by a thread carried through the skin of the nose and tied about a knitting needle placed across the dish from side to side. Before the oil was poured on, a fine cannula was inserted into a jugular vein of one of the animals, and connected with the apparatus for the injection of the acid or alkaline solution. The other animal served as control. A special arrangement was devised (3) The influence of urethane upon the blood reaction of rats is known, thanks to the work of Hawkins (Hawkins, J. A., and Murphy, Jas. B., J. Exp. Med., 1925, xlfi.", 609). For 3 hours or more after injection it causes little change but then there ensues an alkalosis. Our experiments were completed within the initial 3 hours.
to deliver the injection fluid at body temperature (Fig. i) . The nozzle of a calibrated burette (F) which served as a reservoir was connected with a drop gauge (E) and this in turn with a long rubber tube coiled in a bath containing hot water at a constant temperature (A). The tube passed out through a side arm from the bath, and was encased, as far as the oil bath, in a much larger tube (B) containing some of the same warmed water that was in the bath. In order to ensure a circulation in this elongate jacket its further, stoppered end was equipped with an exit pipe (D) for the water, in addition to the opening for the rubber tube carrying the injection fluid (H). The water was kept flowing through the jacket and back into the bath by the introduction of a slow stream of illuminating gas through a side arm (C) of the exit pipe. The passage of bubbles of gas along the pipe (J) acted to move water back to the water bath. The gas was delivered separately to be burnt beneath this latter. The water of condensation from the gas collected in the bottle (M). For the idea embodied in the apparatus we are indebted to Dr. D. R. Drury.
The tube carrying the solution to be injected now passed beneath the surface of the oil and laterally along the dish,--where its temperature was measured with a thermometer let into the system,--and so to the animal. Near the cannula there was a side arm,--which is not figured,--to permit an adjustment of the pressure immediately after connection with the jugular had been made. Otherwise, when the clamp was taken from the vessel prior to the injection there was sometimes a sudden gush of fluid into the blood with death at once. To prevent blood from passing back into the cannula the latter was turned at an angle to the course of the vein so that its wall would act as a valve across the opening in the glass.
The intensity of the staining of paired rats injected with an equal dose of phthalein was frequently found to differ somewhat; and when phenol red had been used the surface hue often differed slightly as well, variations from eugenla red to jasper red (4) being observed. The differences in extravascular pH, indicated by these differences in hue, are no greater than the long recognized individual differences in pH of the normal blood. In order to minimize such errors as might be introduced by them when the tissues of the injected and the control rat were compared, several individuals of the same size were often given phenol red at one time and from these the twowere selected that most closely corresponded in the character of the staining.
As many of the tissues were examined in situ as possible. Since skilled assistance was available the examinations could be made very rapidly. The color of the body surface generally, and of the paws, ears, and mucous membranes, gave (4) v/de Ridgway, R., Color standards and nomenclature, Published by the Author, Washington, D. C., 1912. Our method of utilizing this book has been described in a previous paper ~Rous, P., J. Exp. Med., 1926, xliv, 815) .
direct indications of the reaction of lymph, connective tissue, and cartilage. By a bloodless incision the tendon could be exposed, as too the lymph node of the groin, and the voluntary muscle and the cartilages of the thorax. But the colors in general were most truly seen when the tissues were viewed by transmitted light. This was possible without disturbance, in the case of the connective tissue of a skin fold, and of the cartilage of the ear. Small bits of the other organs were snipped off, and, still surrounded by oil, were examined between mica slips, those from the control and the experimental animal being studied side by side. Glass slides could not be used because of the alkali deriving from them (5). A special plan was followed in taking the specimens to rule out the possibility that the differences noted were due to supravital changes. Thus, when an animal had been injected with acid the bit from it was removed for inspection only after that from the control had been secured,~ince the bit longest out of the body would tend to be the more acid as result of the longer asphyxia from interruption of the circulation. If now under these circumstances the tissue fragment just removed from the injected rat appeared more acid than that from the control there was good reason to suppose that a real difference in reaction had existed within the body. Sometimes, to obtain slices of the parenchymal organs, Valentine knives were employed, a different one for each animal, and the cutting was done under oil, on a paraffin base. Bleeding from severed vessels was prevented with mosquito forceps; and cleansed and dried instruments were employed with each specimen. Special care was necessary to avoid contamination with the blood, which, having received directly a greater or less quantity of the acid or alkaline solution, was, of course, altered thereby. In the cases of the parenchymal organs such contamination inevitably occurred, but fortunately it was the tissues of just these organs that remained uninfluenced in reaction by the injections. Cartilage, connective tissue, and tendon could readily be obtained blood-free. It is possible to procure preparations containing all three of these tissues and bone as well from the tip of the tail of the young animal (65 to 90 gm.). This is snipped off with scissors, gently pressed between folds of washed gauze to drive out the blood, and the bony core is rapidly extracted under oil and mounted between mica slides for inspection by transmitted light. By properly timing the procedures one can compare the experimental specimen directly with that from a control treated in precisely the same way and after the same brief interval of separation from the body. Bone and voluntary muscle were not satisfactorily stained under the circumstances of the experiments,--which usually involved a considerable diuresis with color loss,--nor was the epidermis stained nor the splenic substance. A study of the stomach, intestines, and lungs was not made. To all practical purposes, then, the observations were limited to the superficial color, to the hue of the tissue of the ears, in situ or on dissection, to connective tissue and cartilage as such, tendon, liver, pancreas, kidney, and superficial lymph nodes. V~:hen dissolved in fat the phthaleins no longer act as indicators, though they do in the adipose tissue itself.
RELATIVE REACTION WITHIN L M N G TISSUES. VII
The phthaleins employed were cresol red, phenol red, and brom cresol purple. They were employed in watery solution isotonic with the blood and at pH 7.4 except where otherwise stated. The staining was at a maximum when the injection of acid or alkali was begun, practically all the phthalein having been absorbed from the peritoneal cavity. Brom thymol blue could not be used since it is toxic and gives false indications in vivo (6) . Nothing has been found to date despite much search in our laboratory that will take its place in coveting the zone between the ranges of phenol red and brom cresol purple,--a zone in which the reaction of many of the tissues would seem to lie.
Changes in the Coloration Result from the Injections.
In some preliminary observations, to determine the general effects of acid and alkali upon the hues of the stained tissues, relatively concentrated solutions of sodium carbonate and of hydrochloric acid were run into the blood stream.
These had the strengths employed by MacNider (7) in his studies upon kidney function, that is to say they were equirnolecular with 1.5 per cent NaC1 and, in the case of carbonate, 3 per cent NaC1 (concentrations slightly less than N/2 and N/I); and hence they were notably hypertonic. To lessen the likelihood of anhydremia from this cause, with "outlying acidosis" as a sequel (8), several cc. of warm water was given to the animal by stomach tube some minutes prior to the injection. The acid or alkali was run in as fast as possible, which was after all rather slowly. Tests showed that about 4 cc. of N/1 Na.,CO~ could be introduced into a rat of 170 gin. in the course of an hour, with the animal still in excellent condition, but if the rate was increased a very little, or a few drops were inadvertently run in together after the injection had proceeded for some time death occurred immediately. Since r¢/2 HC1 greatly damages the red cells N/4 HC1 was early substituted for it. More than 5 cc. of the latter solution, given during the course of half an hour, was tolerated by a rat of 140 gm. The patching characteristic of an "outlying acidosis" was never noticed.
Shortly after the administration of acid was begun the secretion of urine stopped, as in the case of M a c N i d e r ' s animals; whereas that of the alkali was attended by a profuse diuresis. T h e injections were pushed to the lethal point, but from time to time while the condition of the animal was still good, the color of bits of its vitally stained organs were compared with those from the control by the technic above described. I t was soon found t h a t there exists a group of tissues,---connective tissue, tendons, fascia, and cartilage,--which undergo m a r k e d alterations in hydrogen ion concentration, as indi-cated by the phthaleins, when acid or alkali is given. The hue of certain other tissues, parenchymal in make-up,--those of the liver, pancreas, and lymph nodes,--remains practically unchanged so long as life lasts. The tissue which responds soonest to the alteration in the reaction of blood is the connective tissue.
Saline Solution Fails to Influence the Tissue Reaction.
More extensive experiments were now undertaken with solutions isotonic with the blood (1~/6.35 solutions). Large amounts, 15 cc. or more, were tolerated by rats of 150 gin.; and there was diuresis after the acid as well as after alkali. The question arose of how far the observed alterations in the tissue colors were referable to the amount of fluid introduced, merely as such. To control this factor some injections were made of 0.92 per cent NaC1. It was found that 20 cc., run into 150 gm. rats at the rate of the acid or alkali, caused not the slightest change in the hue of the tissues stained with phenol red except the fading incident to rapid elimination of the indicator. A like result followed the injection into a 110 gin. rat of 15 cc. of isotonic dextrose solution (5.4 per cent Merck's dextrose in twice distilled water).
The findings with hypertonic solutions of acid and alkali did not differ essentially from those with the isotonic solutions save that in the case of the former the phthalein was retained longer in the body; so it will be unnecessary to discriminate between the two sets of experiments in detailing the results.
Effects of Alkali on the Coloration with Cresol Red.
The surface hue of a living rabbit stained with phenol red and viewed under oil by reflected light is indicative of a reaction between pH 7.4 and pH 7.6, as can be shown by comparing it, through an Autenrieth wedge containing water, with the hue obtained by placing on the surface of a shaved but unstained control, one or another of a series of similar wedges filled with buffer solutions of appropriate pH, stained with phenol red. The surface color of urethanized and stained rats is indicative of the same slight degree of alkalinity. The subcutaneous tissue as such appears relatively acid by transmitted light, having the orange-pink of an apparent p H of about 7.2; and the more ruddy surface hue is to be ascribed, in part to the optical conditions and in other part to a staining of the alkaline interstitial fluids (9) . When cresol red has been injected the oiled surface of the stained rat appears yellow, slightly tinged with brown, and all the stained tissues are a brilliant yellow. Several experiments were made to determine whether the color could not be altered to the rose-purple which is characteristic of a p H of 7.8 or more, under controlled conditions.
In an initial test a Na~CO8 solution isotonic with 1.5 per cent NaC1 was gradually injected into a rat of 110 gin. The animal died when 9.0 cc. had been run in. The urine was orange-red to begin with but later purply red; yet none of the stained organs changed from the usual yellow hue. In the course of further observations, with N/1 sodium carbonate, the blood changed from orange-red toward purple, and the surface color from yellow to rose-pink, after 3.7 cc. of the solution had been run into an animal of 170 gin. stained by the injection of 1.7 cc. of 4 per cent cresol red solution. The nose, lips, and ears became light red; yet the tissues generally appeared of the same clear yellow as in the control, when the blood and intercellular fluid were rapidly pressed from them. A rat of 250 gm. given 10.4 cc. of N/6.35 sodium carbonate became ruddy orange, and its urine much more purple than that of the control. The ears in situ appeared ruddy and so too did a skin flap dissected up and viewed by transmitted light. But a wedge-shaped piece of the ear, rapidly excised and compressed to drive out the fluid, was as yellow as the ear of the control; and so too with all of the other tissues examined, connective tissue, cartilage, tendon, voluntary muscle, liver, lymph nodes, kidney, and pancreas. Many of these looked somewhat ruddy until pressed upon to expel the stained fluid associated with them.
It was obvious from these experiments that only the blood and intercellular fluids could be altered sufficiently in reaction b y the injection of alkali to come within the range of cresol red. This would have meant a considerable change, granting,--what has not yet been p r o v e n , --t h a t cresol red when in the body serves to indicate the p H as accurately as it does in vitro. For a rose-purple hue of the tissues could scarcely be expected short of p H 7.8 or 8.0; and the most alkaline of them, the connective tissue, exhibits under ordinary circumstances when stained with phenol r e d , --a n indicator well tested in this relation (10),--the hue indicative of an approximate p H of 7.2.
Effects of Alkali on the Coloration with Phenol Red.
The color of the shaved and oiled body surface of healthy animals injected with phenol red and viewed by reflected light corresponds, as has been stated, to that associated with a pH of 7.4 to 7.6 under controlled conditions. Many of the organs, notably the parenchymal ones, are stained clear yellow, indicating that their reaction lies beyond the range of the phthalein on the acid side; but two of the matrix tissues,--the connective tissue and tendon,, exhibit shades of pinky yellow which point to the presence of a relative alkalinity within them, the connective tissue appearing to be at about pH 7.2, and the tendons at,or slightly above,pH 7.0 (11) .
If the introduction of alkali into the blood alters the reaction of these two tissues one would expect the change to be demonstrable with phenol red since their apparent normal reaction lies well within the range of this phthalein. Such is the actual case.
In preliminary experiments hypertonic solutions of sodium carbonate were employed. Shortly after the alkali had begun to run in the rats were noted to be purpler than the controls, and soon the general hue was a brilliant rose-purple, especially pronounced on the nose, mucous membranes, and ears. The blood coursing through the latter was seen to be intensely purple as compared with red in the controls. The urine, now voided in great quantity, was no longer stained red but purple. When the alkaiosis had become pronounced examination showed that both the connective tissue and tendons had altered from pinky yellow to old rose; and the cartilage was affected as well, being now ruddy orange instead of the usual orange-yellow. Some young animals of 50 to 80 gm., in which the injection was pushed to the limit compatible with life, had fiat bones of the skull that appeared pinker in the growing portions than those of the controls: but owing to difficulties of the dissection this difference cannot be stressed. The differences observed in tissues of the "core" of the tails of young animals were clear-cut, and leave no doubt that the reaction of the connective tissue, tendon, and cartilage had been altered in vivo. The brief ischemia incident to the examination could not have killed these hardy matrix tissues, of course. Wedges cut rapidly from the ears and pressed to force out the ruddy interstitial fluid were orange in the case of the injected animal, yellow in the control, as would follow from the fact that they consisted mainly of cartilage.
The pancreas, liver, lymph nodes, and kidney cortex were always of the same brilliant yellow as in the control even when the animal was moribund from the large amount of alkali injected. In one case the Maipighian bodies of the spleen were also observed to be yellow. The peripheral nerves were unstained but ll.ELATIVE REACTION ~WITttIN L M N G 1"ISSUES. VII the hue of their sheaths was changed from pinky yellow to old rose,--which one would expect from their character as connective tissue; and the walls of the large arteries were old rose. The lymph was much purpler than in the controls.
The changes observed in animals given strong alkali were duplicated when it was administered in ~/6.35 solution. The isotonic carbonate solution was especially well tolerated, and we have injected 6 cc. into an animal of 65 gm. during the course of 1½ hours without causing death, and 27½ cc. into a 200 gin. animal in about the same time. Whenever there was an initial color difference in the pair of rats we regularly injected that individual which had the lighter, and sometimes the less alkaline, hue,--3asper red for example as compared with eugenia red.
The changes brought about by the alkali were the more remarkable under such circumstances. As the injection progressed one saw the rat which was originally the lighter with perhaps a slightly yellow cast to the surface red, become relatively dark and purply, and those of its tissues turning toward purple appeared more markedly stained than was the case in the control, although they really had less of the phthalein in them--a fact demonstrated by applying alkali to bits of both in vitro. The tissues of the injected animal which did not alter from the ordinary hue, remaining yellow, were a paler yellow than those of the control because of a more rapid loss of phthalein by elimination of it from the body.
Situation of the Phthaleins.
Changes in the color of the blood can be ruled out as a cause for the alterations in the tissue hue, save in the case of especially vascular organs (ears, nose, mouth, and tongue) viewed in situ; for the prevailing color on staining with phenol red and other phthaleins is due to an extravascular penetration of the dye (12) . It might be urged however that changes in the reaction of the interstitial fluids, secondary to those taking place in the blood, will suffice to explain the observed color phenomena. This is not the case. True, the suffusion of the matrix tissues with purply interstitial fluid tends to intensify their color. But the phthalein has a tendency to become fixed on the tissue components themselves (13) . A bit of connective tissue or tendon removed from a rat stained in vivo, frayed with the knife, and examined under the high power, will regularly show a brilliant homogeneous staining of even its finest filaments. So too with the thinnest edge of a sliver of cartilage. The cells of such organs as stain yellow with phenol red, as if acid, are yellow even after all~ali has been administered despite the presence of a purply red interstitial fluid, that is to say one which is relatively alkaline. Whether the cells of the matrix tissues as well as the ground substance become stained is not certain. It is safest certainly, for the present, to look upon the phthalein findings as expressive of the reaction within tissues, as distinct from that within cells (14) .
T h e results o b t a i n e d w i t h p h e n o l red were c o n s i s t e n t . T h e y s h o w e d n o t o n l y t h a t a l t e r i n g the r e a c t i o n of the b l o o d t o w a r d a l k a l i n i t y
resulted in changes in the reaction of some of the tissues, but that the ones evidently affected were those of which this might have been predicted owing to the ease with which they are penetrated by substances escaping from the blood stream (15) and to the further circumstance that ordinarily their apparent reaction, as indicated by the color they assume with phenol red, lies well within the range of this phthalein. Of the tissues with reactions lying beyond the range of phenol red,-on the acid side of it,--only one was so influenced by the alkali as to alter in hue. This tissue, the cartilage, would appear to be only slightly more acid under ordinary conditions than are connective tissue and tendon, occupying in this respect a middle place between them and the parenchymal organs (16) . For all that is known to the contrary the reaction of these latter organs might have been changed by the alkali without bringing them within the range of phenol red.
To test for such an occurrence, as well as to obtain a check on the general findings, brom cresol purple was now employed.
Effects of Alkali on the Coloration with Brom Cresol Purple.
Brom cresol purple is not stable in a 4 per cent solution brought to pH 7.4 but undergoes a rapid chemical change (17) which leaves it something of an indicator still but with a different range and inferior color values. The deterioration can be prevented in 1 per cent solutions by a special mode of preparation (18) , but at 4 per cent it begins within a few minutes at most after the titration, as a change from purple to orange, starting at one point as a rule and rapidly spreading throughout the fluid. It does not take place when there has been a slight overalkalinization, and resort was had to this procedure in order to obtain stable preparations for injection. 400 mg. of brom cresol purple was taken up in 1.6 cc. of ~/1 NaOH and diluted to 10 cc. with distilled water. Had 1.48 N/1 been used instead the solution would have been at pH 7.4. The rats tolerated well the intraperitoneal injection of the phthalein treated thus, when given in the proportion of 1.6 cc. for every 150 gin. of animal. Test observations on the color of the indicator diffusing into buffer solutions from pieces of the vitally stained tissues proved that it had undergone none of the deterioration just described.
The rats stained with brom cresol purple and injected with sodium carbonate, either in isotonic or hypertonic solution (54.6 gin. to a liter, equimolecular that is to say with 3 per cent NaC1), showed striking alterations in the surface hue. They became much more purple, dull blue-violet, in Ridgway's nomenclature, as compared with the dull violet-blue of uninjected animals. The phenomenon could not be accounted for by a retention of the dye in the tissues at a time when the controls had begun to decolorize, since no such retention occurred but on the contrary a greater elimination by the experimental animals. The alkali injection regularly resulted in profuse diuresis, with a purple urine; but the urine of the controls was purple also, that is to say alkaline, probably because of the slight excess of alkali introduced with the indicator. By injecting the control animals with sodium carbonate, at a time when they had come to appear much less purple than the experimental ones they could be brought to the same, or a deeper hue.
The blood and lymph (as pressed from the superficial lymph nodes) both appeared blue-purple prior to any administration of carbonate; and they did not become more purple after it. The fact carries implications of importance. When really at pH 7.4 to 7.5,--the reaction of rat blood (19) ,--brom cresol purple is so largely dissociated that further alkalinization fails to result in an increase in the purple hue appreciable to the naked eye under test-tube conditions. I t follows that no change in the color of blood stained with the phthalein should occur upon alkalinization in vivo if the circulating indicator has still the range characterizing it under controlled conditions in vitro. And no change does occur either in blood or lymph. Yet there is an alteration in the color of the body surface, which becomes more purple. This can only be attributed to an alteration in the hue of the subcutaneous tissues,--the actual event as direct inspection shows. These tissues, less alkaline than the blood, as judged by their hue with phenol red, must be less alkaline too with brom cresol purple; for otherwise the injection of sodium carbonate would not cause their color to intensify. The results with the two indicators are consistent in the demonstration of this difference in relative reaction.
Not only does the connective tissue of the animal injected with carbonate become more purple but so too do the tendons and cartilage. When a segment of the ear, which consists mainly of the last of the tissues mentioned, is excised and compressed between mica surfaces it can be seen to be far more purple than the control segment; whereas the almost blood-free fluid extruded from it and protected by oil has the same hue in both cases. The core of the tip of the tail of the injected rat also shows a more purple cartilage, and the costochondral articulations are a deeper purple. The bones stain poorly, and no satisfactory color comparison is to be had with them. In contrast to the ease with which the hue of most of the matrix tissues is altered that of the parenchymal organs evinces no change. The blue-green or yeilow-green color of the lymph nodes, liver, and pancreas remains the same even when so much alkali had been introduced that the animal is in a moribund condition.
Valentine knife sections of the kidney cortex of our alkalinized animals were purple to the eye as compared with the yellow-green of the control tissues; and under the microscope one could see that the tubules contained a far more intensely purple urine and that a great many of them were colored purply blue. The differences will not be gone into however since they were the product of especially complicated conditions. An account of them will be reserved for a later paper from this laboratory.
These observations concluded the series on the effects of injected alkali on the coloration of tissues stained with phthaleins. The results of the various experiments were in complete accord in showing that there exists a group of tissues--matrix tissues--which become more alkaline when the blood is alkalinized; and a second group of tissues, par~nchymal in constitution, which are to all appearance unaffected even when alkalinization is pushed to the extreme. Tests were now begun upon the effects of acid.
E~ects of Acid on the Coloration with Phenol Red.
There are few tissues staining with phenol red of which any color alteration can be expected on the injection of acid; for only a few have internal conditions bringing them within the range of this indicator, the reaction of the others appearing to lie beyond it, on the acid side (20) . The connective tissue and tendons stain yellow-pink and pinky yellow respectively; and these colors might conceivably be altered to a frank orange-yellow when acid is administered. This has proved to be the case.
When N/6.35 HC1 was gradually run into a jugular vein of the stained rat the body surface, which had been jasper red, became coral red, then carnelian red and eventually rufous. Meantime the connective tissue turned from salmon to orange-yellow, and the tendon, which had not been so pink to begin with, took on the same hue. The blood and lymph became somewhat less rosy than usual. The other tissues, being ordinarily orange-yellow, did not alter in hue. There was some diuresis, of acid urine stained with phthalein, but the changes noted in the color of the tissues, cannot be ascribed to an unusually great elimination of dye: for the application of alkali to specimens from the control and experimental animal rendered them equally and deeply rose-purple.
Effects of Acid on the Coloration with Brom Cresol Purple.
An extensive series of observations were carried out with brom cresol purple. The blood and lymph did not alter notably in hue as acidosis developed, yet there were great changes in the surface color, the hue turning from the dull violet-blue of Ridgway to grayish violet-blue, or, if the animal was more deeply stained to begin with, from deep soft blue-violet to grayish blue-violet. The alterations were mainly the outcome, as further findings showed, of changes in the hue of the connective tissue.
Skin flaps dissected up in such wise as not to disturb the circulation markedly, appeared pale greenish blue in contrast with the intense purply blue of the control, when viewed under oil by transmitted light. The ears were purply green, not a frank purple as in the uninjected animal; and when segments were cut and rapidly compressed between mica slides to drive out fluid, the one appeared brilliant green and the other a frank purple. The extruded fluid, protected by oil, was in both cases purply blue. No better evidence of the independence of the tissue color could have been desired. Valentine knife sections of the ear of the experimental animal showed a blue-green, or even yellow-green, connective tissue, as compared with the deep blue of the control, and a light green, or greenish blue, cartilage, that of the control being a deep purply blue. The tendons, purply blue in the latter animal, were a paler blue or else green in the rat given acid, and a like contrast was to be observed in the wall of the femoral artery. These differences cannot be laid to a greater decolorization as result of the injection; for the application of alkali to pieces of the tissue showed that those from the injected animal contained as much and often more of the phthalein.
The color of the parenchymal organs appeared practically uninfluenced by the acid, save in the case of the kidney. The renal cortex, as viewed in the gross, had undergone an obvious change toward yellow, though the microscope showed much of the difference to be due to a more acid secretion, the fluid within the tubules being green, not purple as in the control. There was, in addition, some yellowing of the tubular epithelium. The pancreas, though, and the lymph nodes, never altered from the ordinary yellow-green staining, nor did the liver from its characteristic blue-green except in animals moribund from the acidosis, when it was noted to have changed very slightly toward yellow. The change may conceivably have been due to alterations in the reaction of the bile which was deeply stained (21) . I t will be seen that the findings corroborated those with alkali in pointing to the existence of a group of tissues readily influenced in reaction by the introduction of acid or alkali into the blood stream, and of another group not susceptible to such change. And, as in the experiments with alkali, brom cresol purple gave information confirming and extending that obtained with phenol red.
The Changes Resulting from Injections of Lactic Acid.
Some subsidiary tests were made on the effects of lactic acid in isotonic solution (0.314 N) upon animals stained with phenol red. The injection fluid was tolerated in large amounts, 14.5 cc. failing to cause the death of a rat of 126 gm. into which it was run in the course of only a little over an hour; and unless a flow into the jugular was continuously kept up not even a change in the surface color took place.
By hurrying the injection a surface change from jasper red to a hue between carnelian red and vinaceous-rufous could be brought about, and under such circumstances alterations were to be noted in the color of the connective tissue, cartilage, and tendons, resembling those when hydrochloric acid had been used. But as soon as the injection was intermitted the surface color began to return toward the normal, as doubtless did the hue of the tissues mentioned, though observations were not made upon the point.
DISCUSSION.
The foregoing experiments make clear the fact that when acidosis or alkalosis is induced by the gradual injection of hydrochloric acid or of sodium carbonate into the blood stream changes take place in the reaction of some of the tissues. We have not sought to determine how great an amount of acid or alkali is required to cause these changes, nor have we made detailed observations upon the influence of the rate of injection. In most instances enough of the solution to cause death was eventually run in, but the examinationwas made while the animal was still in good condition save in the case of those tissues which the preliminary work had shown to be resistant to change. The solution could be allowed to enter rapidly at first, because of the buffering action of the blood, but later only drop by drop, so timed that each drop took some seconds or minutes to flow in. At first, too, because of the buffering action just mentioned, no change in the color of the tissues occurred. A few drops of the solution given late in the injection period often had more effect than did as many cc. earlier.
The question may be asked whether the changes were not the result of gross injury to the walls of the blood vessels with effusion of the acid or alkali. This possibility can be ruled out at once. The animal organism will tolerate but slight alterations in the reaction of the blood; and the color phenomena elicited by the injection of weak solutions (N/6.35) were the same as with strong ones (N/2 N/l). Further, the acid and alkali were of a kind to yield innocuous salts. It is true that even N/6.35 HC1 acts to transform into acid hematin the hemoglobin coming directly into contact with it. But the damage to the blood produced in this way under the circumstances of the experiments was not of itself sufficient to explain the issue of them. In a later paper some figures will be given on the anemia produced in rabbits by the intravenous injection of the maximum quantity of hydrochloric acid compatible with life. The blood loss is surprisingly slight.
How now are the changes in the relative reaction of the tissues to be accounted for? By changes in the ability of the blood to carry oxygen and carbon dioxide? This factor may have importance in the case of the animals given acid, owing to the effect of the latter to lessen the affinity of hemoglobin for oxygen, and thus to reduce the effective concentration of the gas. Asphyxia of the tissues is a well known cause of acid formation within them; and toward the end of some of our experiments the animals manifested air hunger. Acid lessens as well the ability of the blood to transport carbon dioxide; and the presence of this gas in the tissues of the stained, acidotic animal can be sufficiently shown by laying them open, when they rapidly become more alkaline, as evidenced by a change in hue. But this happens in the case of the similarly ventilated tissues of controls as well (22) . When one alters the reaction of the blood in the direction of acidity one alters also the gradient responsible normally not alone for the passage of carbon dioxide from the tissues into the blood but for that of the acid products of metabolism generally. Here is yet another possible reason for the acidosis. This may have been due in no inconsiderable part to a damming back of substances which would normally escape to the circulation and be excreted, instead of to an extravascular penetration of hydrogen ions introduced with the injection fluid.
May one suppose that under the circumstances of blood alkalosis the gradient just referred to becomes so steep that the tissues are stripped, so to speak, of carbon dioxide and other acid products as soon as these are formed, with result that the local reaction becomes more alkaline than the normal? Such an occurrence is conceivable, since stained normal tissues ventilated by exposure to air soon become as alkaline as they ever appear to be after an injection of alkali.
The tissues which alter in reaction when alkali or acid is run into the organism,--connective tissue, cartilage, and tendon,--are those characterized by the presence of matrix substance in large quantity, a matrix which stains deeply with the phthaleins. As pointed out in previous papers these tissues appear to be largely passive in behavior. They control their own conditions only where the influence of the separated cells is immediately effective; and when stained with phthaleins and immersed in weak buffer solutions they behave almost like so much indicator paper (23) . Their metabolic rate is very low as compared with that of the parenchymatous organs. One may ask whether the intercellular substances which constitute so large a part of their bulk are alive at all in any proper sense of the word. It is easy to suppose that the changes in the reaction of these tissues are the direct result of an exchange of ions between them and the altered blood, without invoking other causes. But the precise interpretation of our findings cannot now be attempted for lack of data.
To give reasons for the failure of the parenchymatous organs to undergo changes in reaction is another, and more difficult matter. True, the cells of these organs may be thought of as making their own conditions (24) , one of these being under ordinary circumstances,-or so it would appear,--a not inconsiderable acidity. But there is no evident increase in this local acidity in animals rendered acidotic, despite the great metabolic activity of the cells; and no diminution in it even when alkalosis is pushed to the extreme. It is possible, not to say certain, that the abilities of cells to maintain a normal state of affairs within their cytoplasm are often greater than those for survival of the body as a whole. Yet quite possibly too the phthalein of our experiments may in the parenchymatous organs have become so associated with some of the cell components that it no longer served as an indicator. All of the observations made in this laboratory prior to the ones here reported are against this explanation, however.
The changes toward acidosis or alkalosis sustained by the organism under the conditions of nature differ from those we have reported in that they are not ordinarily caused by a direct introduction into the blood of H or OH ions from without, though often referable to an indirect passage of them into the circulation by way of the gut. A large proportion of clinical instances of alkalosis or acidosis derive from some upset here or there amongst the organs. But except in the immediate region of the upset the net result must be the same in the end in its effects upon the tissue reaction as if the disturbance had been a general one. That in pronounced cases an alteration takes place in the reaction of the matrix tissues can scarcely be doubted.
There is much on record to show that the introduction of acid into the body leads to a withdrawal of base from the tissues; and the quantity lost may well alter the composition of these latter. One wonders whether the matrix tissues, which are so readily permeable from the blood, may not serve as a second line of buffers, acting as interstitial tissues, tissues that fill up cracks, in a physiological as well as an anatomical sense. It would be in keeping with what is termed the body economy if a material like cartilage should prove useful in other ways than by keeping the ears at an angle from the head and the joints of the limbs well rounded.
Somewhere in the literature surely, there must be indirect observations upon the participation of the tissues in the buffering activities so beautifully illustrated by the blood; for the extent of the tissue participation can be come at, since the total blood value as a buffer is calculable and the changes incident to excretion can be controlled. The only observations we have been able to find, however, are those of Atzler and Lehmann (25) who perfused the isolated hind legs of dogs with acid and alkaline solutions over long periods of time and came to the conclusion that the greater the initial degree of acidity or alkalinity the greater was the change toward neutrality undergone by the perfusate.
Our observations by the indicator method upon the changes occurring in the tissues when acid or alkali has been run into the blood stream are not the first upon this theme. Henning (26) injected HCI or NaOH into mice and sought to determine the reaction of the organs after the method of GrAft (27) by dipping pea-sized pieces of them into drops of indicator solution placed on a glass slide. The animals had been decapitated, or had died as direct result of the injection; and the specimens stained after death contained the blood into which acid or alkali had been run. Under these conditions Henning noted that when a great deal of acid or alkali had been placed in circulation practically all of the tissue pieces except those from the brain appeared to contain H or OH ions in abnormal quantity.
Some of the rats of the present work withstood so well the introduction of N/6.35 HC1 and the resulting marked changes in tissue reaction that we have been led to make observations upon the course of tissue acidosis as thus induced. The work constitutes an elaboration in certain directions of that here reported. It will be the subject of a succeeding report.
SUMMARY.
The introduction into the blood stream of dilute hydrochloric acid or sodium carbonate in quantities not too great to be compatible with life results in marked alterations in the color of certain of the matrix tissues stainable in vivo with phthalein indicators. Connective tissue in its various forms, and tendon and cartilage all become relatively more acid or alkaline than the normal. The hue of the kidney cortex also changes, as might be expected from its functions. The pancreas and lymph nodes, on the other hand, appear unaffected even when the injection is pushed to the extreme; and the slight to negligible alterations in the hue of the liver may be due to changes in the color of the associated secretion. The matrix tissues just mentioned behave as if unable to maintain a reaction of their own; whereas the elements of the parenchymal organs would seem to make their own conditions even when so much acid or alkali has been injected as will lead to death of the animal.
Injections of lactic acid are well tolerated and it is difficult to bring about alterations in the color of the phthalein-stained matrix tissues by means of them. Salt solution, and sugar in large amount cause no changes in color such as would indicate changes in reaction.
The results with the various phthalein indicators are in close accord, attesting that the information these give under vital conditions is reliable.
BIBLIOGRAPHY.
